The fourth intron of the Euglena gracilis chloroplast photosystem II gene, psbCi4, is a 1,605-bp twintron composed of two group III introns and a coding locus for a 458-aa polypeptide, mat1, located in the internal intron. psbCi4 homologs have been identified in seven euglenoids, including E. myxocylindracea, E. viridis, E. deses, E. pisciformis, Cryptoglena pigra, Eutreptia sp., and Lepocinclis beutschlii. All of the species examined contain both the group III twintron and the mat1 locus, revealing a more widespread occurrence of group III introns than previously known. The L. beutschlii mat1 locus is interrupted by two novel mini-group II introns of 224 and 258 nt, the smallest group II introns yet identified. Reverse transcriptase polymerase chain reaction analysis confirmed the splicing boundaries of the external and internal E. myxocylindracea, E. viridis, and E. deses introns as well as the novel L. beutschlii mat1 introns. As determined by comparative phylogenetic analysis, group III introns contain a structural homolog of group II intron domain VI. The mat1 loci encode peptide motifs characteristic of group II intron maturases. A group III intron-encoded protein whose predicted sequence is similar to group II intron-encoded maturases and a bona fide domain VI within group III introns are compelling evidence for a common ancestor of group II and group III introns.
Introduction
The chloroplast genome of Euglena gracilis contains at least 160 introns, 69 of which are classified as group III ). There are 91 group II introns and at least 15 twintrons (introns within introns) (Copertino and Hallick 1993) . The study of group III introns and twintrons has to date been limited to plastid DNA of E. gracilis, E. viridis, and Astasia longa. Group III introns have several structural and functional similarities to group II introns (reviewed in Copertino and Hallick 1993) . The two types of introns have similar consensus sequences at the 5Ј splice site. Group III introns contain a 3Ј-end stem-loop motif that is functionally analogous to group II intron domain VI (Copertino et al. 1994) . Splicing of group III introns occurs by a two-step transesterification mechanism similar to that of group II and nuclear spliceosomal introns (Michel and Ferat 1995) . Nucleophilic attack of the 5Ј splice boundary by the unpaired A residue in domain VI results in a 2Ј-5Ј lariat-3Ј-exon intermediate. The exons are ligated by a second transesterification reaction in which the 3Ј-OH of the 5Ј exon acts as the nucleophile. The intron is released as a lariat. Group III introns lack the internal domains II-V characteristic of group II introns and range from 93 to 118 nt in length.
Do the structural and functional similarities between group II and group III introns reflect descent from a common ancestral intron, or are the similarities due to convergent evolution in a few isolated protist species related to Euglena gracilis? To test various models for the origin and evolution of the group III intron family, we conducted an evolutionary study of a group III twintron. The fourth intron of the chloroplast gene psbC, psbCi4, (Montandon, Vasserot, and Stutz 1986 ) is a group III twintron composed of an internal group III intron of 1,503 nt encoding an open reading frame (ORF), mat1, and an external intron of 102 nt (Copertino et al. 1994) . psbCi4 contains the only known example of a group III intron-encoded protein. Many group I and group II intron-encoded ORFs encode maturases, or proteins that are involved in the splicing process (Lambowitz and Belfort 1993) . Maturases may function by stabilizing RNA secondary structures to facilitate RNA-catalyzed splicing. In most cases, maturases are specific to the splicing process of the host intron only, although the intron-encoded maturase of the yeast mitochondrial intron aI1 may splice the closely related intron aI2 as well in the absence of the aI2-encoded protein (Carignani et al. 1983 (Carignani et al. , 1986 ). In addition to its role in aI2 splicing, the aI2-encoded protein is also essential for intron mobility (Zimmerly et al. 1995a (Zimmerly et al. , 1995b . If the similarities previously observed between the psbCi4 mat1 locus and group II intron maturases (Mohr, Perlman, and Lambowitz 1993) could be confirmed by comparative evolutionary analysis, it could be considered additional evidence for a common origin of group II and group III introns.
To explore the evolutionary history of a group III intron and internally encoded maturase, we characterized introns homologous to E. gracilis psbCi4 in several basally branching species of Euglena and related euglenoids. In each species, the intron is a group III twintron with an internal mat1 locus. Domain VI, with the essential branch point A nucleotide, is conserved. Two maturase domains (Mohr, Perlman, and Lambowitz 1993) , the reverse transcriptase (RT) domain and the X domain, are conserved in all mat1 loci, including a previously identified free-standing mat1 locus in the colorless euglenoid Astasia longa (Siemeister, Buchholz, and Hachtel 1990) . Astasia longa mat1 is of particular interest because the A. longa plastid has lost all or most of the photosynthetic genes except rbcL, including psbC. Astasia longa contains several group III introns in nonphotosynthetic genes. Retention of mat1 in these various species is strongly suggestive of an essential function for the mat1 protein in the euglenoid plastid. The location of mat1 in a group III twintron and the conservation of maturase-like domains suggest that mat1 functions as a group III intron maturase. The presence of a conserved group-II-like maturase in a group III twintron is additional evidence of an evolutionary link between group II and group III introns. Several lines of evidence now support the hypothesis that group II and group III introns share a common ancestor. Since nuclear spliceosomal introns are widely believed to also share a common ancestor with group II introns (Sharp 1985; Cech 1986; Guthrie 1991) , the evolution of group III introns may provide a model for nuclear spliceosomal evolution.
Materials and Methods

Euglenoid Cultures
Cultures of Euglena myxocylindracea (UTEX 1989) cDNA Synthesis, PCR Amplification, and Cloning Primers were synthesized by either the University of Arizona Biotechnology Center or the Midland Certified Reagent Company. Deoxynucleotide primer C1 is complementary to the RNA-like strand of psbC exon 5 (5Ј-GGAACAAAATGAGCTACTTC-3Ј, positions 20300-20319, all positions from EMBL accession number X70810). The PCR primer P1 (5Ј-GGTAATTCTA-GACTTATAAATGTATCAGG-3Ј) is identical to the RNA-like strand at positions 18596-18624. Total nucleic acid extracts (TNAs) were prepared as described (Thompson et al. 1995) . Primers P1 and C1 were used to PCR amplify psbC from E. gracilis, E. myxocylindracea, E. viridis, E. deses, E. pisciformis, Lepocinclis beutschlii, and Eutreptia sp. Cryptoglena pigra and E. gracilis TNAs were amplified by primer C1 and the degenerate PCR primer, P2 (5Ј-GGWTTTGAYTTYYTWGGWTGG-3Ј, positions . The PCR products were cloned into the vector pBluescript KSϩ (Stratagene Cloning Systems) by the method of Holton and Graham (1991) and DNA sequenced (Sanger, Nicklen, and Coulson 1977) . psbCi4 cDNAs were synthesized by reverse transcription of E. gracilis, E. viridis, E. myxocylindracea, and E. deses TNAs with primer C1. Fully spliced products were obtained by PCR amplification of the cDNAs by primers C1 and P1. Partially spliced products were amplified from cDNAs by primer C1 and the degenerate PCR primer P3 (5Ј-GTATCAGGTAAGC-TTTTGGGTGKTGWG-3Ј, positions 18617-18643), which extends from psbC exon 4 through the 5Ј splice site of the external intron of the psbC twintron. Both fully and partially spliced cDNAs were cloned and sequenced as described above.
Secondary Structure Analysis RNA secondary structure models for the psbCi4 twintrons were predicted by the RNA FOLD program (GCG Sequence Analysis Package, version 8.0, Madison, Wis.) (external introns) or folded manually (internal introns). Domain VI and the mat1 locus (from the putative initiation codon to the putative termination codon) were excluded from the folding analysis. Domain VI structures were folded according to the group II intron consensus determined by Michel and Ferat (1995) . mat1i1 and mat1i2 were folded according to the Euglena group II intron consensus of Copertino and Hallick (1993) and Thompson et al. (1997) .
Results
PCR Amplification and Cloning of psbC Intron 4
The E. gracilis chloroplast psbC gene contains 10 introns . Intron 4, between the second and third nucleotides of codon position 40, is a group III twintron with a 1,374-nt ORF within the internal intron. Synthetic oligonucleotide primers P1 and C1, located in the exons flanking intron 4, were used to amplify a segment of the psbC gene from E. pisciformis, E. myxocylindracea, E. viridis, E. deses, L. beutschlii, and Eutreptia sp. (fig. 1) . The amplified DNAs, excluding primer sequence, extend from codon 36 to codon 58 relative to the E. gracilis psbC gene. As expected, the size of the amplified fragment from E. gracilis was consistent with the known size of 1,724 nt (Copertino et al. 1994) . In each of the species examined, except L. beutschlii, a DNA fragment of approximately 1,700 nt was amplified. Lepocinclis beutschlii yielded a larger fragment of about 2,200 nt. Amplification of C. pigra with primers P1 and C1 yielded no products. However, amplification of C. pigra with primer C1 and primer P2, specific to the predicted mat1 RT subdomain VII (Mohr, Perlman, and Lambowitz 1993 ) produced a product of about 700 nt. An E. gracilis control reaction with primers C1 and P2 also yielded a band of about 700 nt (data not shown). As determined by known psbCi4 sequence, the predicted size of the C1-P2 E. gracilis product is 697 nt. Based on size, the amplified DNAs from all species were predicted to contain a group III twintron with an internal ORF. Each amplified product was cloned, and the E. myxocylindracea, E. viridis, E. deses, L. beutschlii, and C. pigra DNAs were fully sequenced on both strands. To confirm the identity of the E. pisciformis and Eutreptia sp. clones as psbCi4, the nucleotide sequence of approximately 200 nucleotides at each end of the cloned DNA was obtained.
The nucleotide sequence alignment of the amplified portions of psbC exons 4 and 5 and the group III twintrons from E. gracilis, E. viridis, E. myxocylindracea, E. pisciformis, E. deses, and L. beutschlii is shown in figure 2 . The exons, which contain 23 psbC codons, are remarkably well conserved. Twenty out of the 23 amino acids are identical among all species (data not shown). These sequence similarities confirm that these clones are homologous regions of the psbC gene.
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FIG.
1.-The fourth intron of the E. gracilis chloroplast gene, psbC, is a group III twintron with an internal gene locus, mat1. The structure of psbCi4 is diagrammed at the top of the figure. Filled boxes correspond to exon sequences. The external and internal introns correspond to the light gray and dark gray boxes respectively. The mat1 coding locus is depicted as an open box. PCR analysis of psbCi4 from several euglenoid total nucleic acid extracts (TNAs) was carried out using primers P1 and C1. The control reaction was carried out without the addition of TNA. Reaction products are shown in the bottom panel.
The psbC coding region is interrupted by an intron, possibly a twintron, at an identical site in all of the species examined ( fig. 2 ). While the overall nucleotide sequence of the intron is not conserved among these species, characteristic group III intron primary and secondary structural features can be detected. The external intron 5Ј splice sites adhere to the group III intron 5Ј-NUNNG consensus ( fig. 2) . A consensus domain VI stem-loop motif containing an unpaired A residue typical of group II and group III introns is located at the external intron 3Ј splice boundary in each species (described below).
Isolation of Splicing Intermediates
To confirm exon ligation sites and determine if the psbCi4 homologs are group III twintrons, psbC premRNAs were examined. Euglena myxocylindracea, E. viridis, and E. deses cDNAs were obtained by reverse transcription of TNA extracts with primer C1. For analysis of fully spliced products, the cDNA was PCR-amplified with primers P1 and C1. The E. myxocylindracea, E. viridis, and E. deses reactions yielded products of about 120 nt, approximately the same size as that of the E. gracilis positive controls (data not shown). The RT-PCR products were cloned and sequenced ( fig. 3B ; E. deses data not shown). C1-P1 derived clones contain ligated exon sequences only, as predicted for fully spliced mRNAs. Sequence analysis of the fully spliced products defines the 5Ј and 3Ј boundaries of the external intron.
To analyze the splicing of the internal intron, psbCi4 cDNAs were PCR-amplified with primers C1 and P3. Primer P3 spans the 5Ј-exon-external intron boundary ( fig. 3 ). The products of the P3-C1 RT-PCR reaction were approximately 190 nt (data not shown). Based on sequence analysis ( fig. 3A) , the C1-P3-derived products are missing the predicted internal intron and the mat1 coding locus. These cDNAs represent partially spliced psbC mRNAs. The isolation of the partially spliced products is evidence that mat1 is encoded within a functional internal intron with 5Ј and 3Ј splice boundaries as diagrammed in figure 2. The external introns are 95, 107, 105, and 102 nt long in E. viridis, E. myxocylindracea, E. deses, and E. gracilis, respectively. Excluding the ORF, the internal introns are 104, 111, 152, and 125 nt long, respectively. No products were obtained with primer combinations P1-C1 or P3-C1 from Eutreptia sp., C. pigra, or L. beutschlii cDNAs.
The 5Ј splice sites of the internal introns follow the 5Ј-NUNNG rule but are not in a conserved position. However, all are within 35 nt of the external 5Ј splice site. Domain VI of each internal intron is located approximately 75 nt upstream of the 3Ј splice site of the external intron. An ORF for the putative mat1 polypeptide, ranging in size from 435 to 466 aa, is encoded by each internal intron. The lack of conservation in the positions of the internal introns and ORFs as compared to the external introns ( fig. 2 ) may be an effect of genetic drift due to weaker evolutionary constraints on intron sequences than on psbC exon and mat1 sequences. The presence of both an external intron and an internal intron and the average intron length of 100 nt is consistent with the hypothesis that psbCi4 is a twintron consisting of two group III introns in each species.
Phylogenetic Analysis of psbCi4 Twintron Secondary Structures
Representative secondary-structure models of the group III twintrons of E. viridis and E. myxocylindracea psbCi4 are shown in figure 4. These structures are very similar to the E. gracilis psbCi4 model previously predicted by Copertino et al. (1994) . The introns from all species examined could be folded into a domain-ID-like structure at the 5Ј end of the intron (data not shown). There is no apparent primary nucleotide sequence conservation in this region. Euglena introns do not always contain EBS1 and EBS2 (Copertino and Hallick 1993) . Neither could be identified in domain ID of the psbCi4 twintrons. The internal introns and the mat1 loci of all species are located in either the putative domain ID stems or the domain ID terminal loops. Internal introns are generally located within essential domains of the external introns (Copertino and Hallick 1993) . At least three other group III introns contain internal introns in the domain-ID-like region (Copertino and Hallick 1993) . Therefore, while the stem-loop secondary structure of domain ID is only weakly supported by comparative psbCi4 twintron data, it is likely that this region encodes a domain necessary for group III intron splicing.
Domain VI of the internal and external introns was subjected to comparative phylogenetic analysis ( fig. 5) . While only the branch adenosine has been strictly conserved during the evolution of the psbCi4 twintron, compensatory base pair changes have preserved the remainder of the stem-loop structure. These structural similarities across a broad phylogenetic range are supportive of the group III intron 3Ј stemloop being a bona fide domain VI, structurally and functionally analogous to domain VI of group II introns (Copertino et al. 1994 ). Primer C1 was used to prime cDNA synthesis from total nucleic acid extracts (TNAs). Primer P3, which spans the external intron 5Ј splice boundary, was then used to PCR-amplify partially spliced intermediates which were sequenced across the splicing boundary (A). An arrow indicates the insertion site of the internal intron. Fully spliced products were obtained by PCR amplification of C1-primed cDNA with primers P1 and mat1 Contains Maturase-like Domains
The predicted protein sequences of E. gracilis, E. viridis, E. myxocylindracea, E. deses, A. longa, and L. buetschlii mat1 were aligned using the PILEUP algorithm (GCG Sequence Analysis Software Package, version 8.0) (fig. 6 ). The C. pigra mat1 sequence beginning at RT domain VII was also included. Since the predicted mat1 amino acid sequences of E. viridis, E. deses, and E. myxocylindracea lack methionine codons between the 5Ј splice sites of the internal introns and the first regions of amino acid similarities, the first phenylalanines of the predicted proteins have been designated the initiator codons for alignment analysis. The codon TTT is apparently a valid initiation site in Euglena plastids, since a phenylalanine initiator codon is also utilized by the E. gracilis psbN locus (Hong et al. 1995 (Mohr, Perlman, and Lambowitz 1993) are also present in the other species. The regions of highest similarity of the predicted mat1 proteins occur in domain X. The average degree of similarity between the X domains of E. gracilis, A. longa, E. myxocylindracea, and E. viridis is 74%, compared to an average similarity of 65% over the whole protein.
Reverse transcriptase subdomains I-IV (Mohr, Perlman, and Lambowitz 1993) are not conserved in mat1. Only subdomains V-VII can be identified, with domain VII being the most well conserved. mat1 does not contain several amino acids essential for RT function, such as the PQG motif in RT domain IV and the YADD motif in RT domain V. The lack of these conserved amino acids in the RT domains and the absence of RT subdomains I-IV probably indicates an absence of RT activity by mat1.
L. beutschlii mat1 is Interrupted by Two Novel Introns
The L. beutschlii psbCi4 P1-C1-derived PCR product is approximately 500 nt longer than that of E. gracilis ( fig. 1 ). Based on comparison of the predicted amino acid sequence of L. beutschlii mat1 with other available mat1 sequences, the L. buetschlii mat1 coding region is the only one interrupted by introns. Splice boundaries were confirmed by RT-PCR (data not shown) using primers P4 and C2 (diagrammed in fig. 7A ). A 258-nt intron (mat1i1) is located between RT subdomains VI and VII, and a 224-nt intron (mat1i2) is located in domain X (fig. 7A ). The sizes of these novel introns are intermediate between group II and group III introns.
Group-II-intron secondary structure consists of six stem-loop domains (I-VI) radiating from a wheel and several conserved tertiary interactions (Michel and Ferat 1995) . The tertiary interactions found in Euglena group II introns include EBS1-IBS1, EBS2-IBS2, ␥-␥Ј, ⑀-⑀Ј, and the guided pair (reviewed in Copertino and Hallick 1993) . ␥ is located at the 5Ј base of domain III within a consensus sequence, RRGAY, and potentially forms a tertiary interaction with the last nucleotide of the intron (Jacquier and Michel 1990) .
The predicted secondary structure models of both mat1i1 and mat1i2 best resemble mini-group-II introns ( fig. 7B and C) . Domains V and VI, and the closure of domain I, were identified by comparison with the consensus model determined by Michel and Ferat (1995) . Since there are no potential EBSI or EBSII sites in the internal regions of domain I to guide folding, and domain I of Euglena group II introns does not seem to have any evolutionarily conserved motifs (Thompson et 82 Doetsch et al. FIG. 6 .-mat1 predicted amino acid sequences were aligned using PILEUP (GCG Sequence Analysis Package, version 8.0). Conserved and similar amino acid residues are indicated by bold characters. Similar amino acids are defined as E and D; F and Y; R and K; L, V, I, and M; and S and T. The mat1 amino acids identical to the group II intron-encoded maturase consensus determined by Mohr et al (Mohr, Perlman, and Lambowitz (1993) are indicted by bold characters in the maturase consensus sequence (o, aromatic; b, basic; h, hydrophobic; p, polar; a, acidic) . The L. beutschlii mat1i1 and mat1i2 intron insertion sites are indicated by asterisks.
al. 1997), these regions were analyzed using the RNA-FOLD program (GCG Sequence Analysis Software Package, version 8.0). Each domain I is an abbreviated version of the typical Euglena group II intron domain I, which is conserved only at the closure of the domain I stem (Thompson et al. 1997) . mat1i1 and mat1i2 both contain potential ␥ motifs, AUGAG and UGGAU, respectively. The location of the ␥ motif was used to de- Thompson et al. 1995) . The phylogenetic tree is a consensus tree of the three most-parsimonious trees found by PAUP (phylogenetic analysis using parsimony) using the coding region of the chloroplast rbcL gene. Branch frequencies among the three most-parsimonious trees are shown at each node. The tree is rooted by Anacystis nidulans. The absence of the A. longa psbC gene locus and psbCi4 is represented by dashed lines. Data from L. beutschlii and E. deses were not used to derive the phylogenetic tree and are therefore shown at the bottom of the figure for reference only. As determined by preliminary data, the closest relative to L. beutschlii may be E. anabeana, and E. deses may be most closely related to A. longa (unpublished data).
termine the folding of the remaining domains according to the Euglena model determined by Thompson et al. (1997) . Although it is unusual for ␥ to be involved in the pairing of the domain III stem, there is some precedent for this in psbCi2a, where the last nucleotide of the ␥ motif as part of the stem is evolutionarily conserved (Thompson et al. 1997) . While a putative domain III can be identified in both introns, domain II is not present in mat1i1, and mat1i2 is missing domain IV.
Another unusual feature of these mini-group-II introns is that the 5Ј splice sites do not conform to the group II intron consensus. While the 5Ј splice site of mat1i2, UUUAG, seems to adhere to the group III consensus, NUNNG, the 5Ј splice site of mat1i1, UUUAA, is only conserved at the second position, U.
Discussion psbC Intron 4 is Conserved Among at Least Two Euglenophyte Orders
The psbCi4 group III twintron has been identified in four Euglena species in addition to E. gracilis and in three euglenoid genera, Cryptoglena, Eutreptia, and Lepocinclis. These four genera belong to two euglenophyte orders, Euglenales and Eutreptiales (Leedale 1967) . In each of the species examined, the insertion sites of the twintron are identical, and the composition of the twintron has been conserved. A euglenoid phylogenetic tree based on data from the chloroplast gene rbcL (Thompson et al. 1995) is shown with the known distribution of psbCi4 in figure 8. These observations support the conclusion that the psbC twintrons from related euglenoids are evolutionary homologs of E. gracilis psbCi4. The most parsimonious explanation of this pattern is that the common ancestor of these genera contained the psbC group III twintron and mat1, which were subsequently retained through euglenoid evolution. Therefore, group III introns arose before the divergence of the genus Euglena from its common ancestor with other Euglenophycea, and are more ancient and widespread than previously supposed. An interesting feature of this hypothesis is that group III introns were present in the common ancestor of at least two of the six euglenoid orders (Leedale 1967). To determine if group III introns were also present in the common ancestor of all the Euglenophycea, members of at least three additional euglenoid or-ders are currently being screened for the psbCi4 twintron and/or the mat1 locus.
A Group-II-like Maturase Is Conserved in a Group III Intron Group II intron maturases have at least three functional domains which have been designated RT, X, and Zn (Mohr, Perlman, and Lambowitz 1993) . The RT domain contains seven submotifs corresponding to those characteristic of known reverse transcriptases of the LINE1-like retroelements (Michel and Lang 1985; Doolittle et al. 1989; Xiong and Eickbush 1990) . The yeast mitochondrial group-II-encoded maturases aI1 and aI2 contain a reverse transcriptase activity which is involved in intron mobility (Kennell et al. 1993; Moran et al. 1994 Moran et al. , 1995 . At the carboxy terminus of some maturases is a zinc finger (Zn) domain. The Zn domain of the aI2 protein exhibits a DNA endonuclease activity involved in intron homing (Zimmerly et al. 1995a (Zimmerly et al. , 1995b . Between the RT and Zn domains is a conserved region designated domain X (Mohr, Perlman, and Lambowitz 1993) . Domain X is essential for maturase ability (Moran et al. 1994 (Moran et al. , 1995 , possibly through a role in intron recognition and RNA binding.
The predicted mat1 proteins from E. gracilis, E. myxocylindracea, E. viridis, E. deses, L. beutschlii, and C. pigra contain recognizable RT domains V, VI, and VII and a well-conserved domain X. Although a function for mat1 has not yet been demonstrated, the presence of conserved maturase domains is strongly suggestive of a maturase-like role in the splicing mechanism. Since group III introns lack most of the group II intron domains necessary for self-splicing, notably the catalytic domain V, group III introns most likely require external splicing factors. Trans-acting RNAs such as domain V may be cofactors in group III intron splicing (Copertino et al. 1994) . The location and evolutionary conservation of mat1 in a group III intron indicates that the protein probably plays a role in group III intron excision. The internal intron of E. gracilis psbCi4, including the maturase locus, accumulates as a linear species (Copertino et al. 1994 ) and could be the template for mat1 translation. In a preliminary Western blot analysis, mat1 protein has been detected in E. gracilis whole cell extracts (unpublished data). Therefore, we conclude that mat1 is most likely a group III maturase involved in the splicing of at least the psbCi4 group III twintron. Based on the fact that E. gracilis contains over 69 group III introns and only one group-III-encoded maturase, it is possible that mat1 is involved in a general group III intron splicing pathway. A potential explanation for the relatively low level of conservation observed between group II intron maturase consensus domains and mat1 is that the protein has evolved to include features that are unique to group III intron splicing, such as interactions with other group III splicing factors and group III intron recognition. The presence of a group-II-type maturase in a group III intron is in concert with the earlier biochemical evidence that group II and group III introns share a common two-step splicing pathway (Copertino et al. 1994) and is further evidence that group II introns and group III introns may share a common ancestor which contained a group-II-like maturase. Therefore, group III introns are probably members of the same retroelement family as group II introns, retrotransposons, and telomerases Nakamura et al. 1997 ).
Group III Introns Contain a Bona Fide Domain VI
More than 80 introns in plastid genes from E. gracilis and A. longa have been categorized as group III introns. All of these introns share the following features:
(1) the length of the intron is within the narrow range of 93-188 nt; (2) they are generally U-rich; (3) the 5Ј splice boundary nucleotides have a 5Ј-NUNNG consensus sequence; (4) a putative stem-loop structure occurs in the 5Ј region of the intron, similar to that in the group II intron subdomain ID; and (5) there is a 3Ј stem-loop structure with well-conserved features identical to domain VI of group II introns. Copertino et al. (1994) demonstrated that the unpaired adenosines in the 3Ј stem-loops of both the internal and external introns from psbC intron 4 are utilized to form lariats during splicing. A domain VI structure has been identified by comparative analysis in homologous group III introns from E. gracilis, E. myxocylindracea, E. viridis, E. deses, E. pisciformis, L. beutschlii, Eutreptia sp., and C. pigra (fig. 5 ). This extends the occurrence of conserved domain VI features in group III introns to basally branching species of the euglenoid lineage. The structural and functional similarities between domain VI of group II and that of group III introns strongly support their homology. However, phylogenetic analysis does not strongly support the structure of psbCi4 domain ID. As determined by a similar comparative analysis of two Euglena group II introns, petBi1 and psbCi2, the secondary and tertiary structures of group II intron domain I, excluding domain I closure, are also unconserved (Thompson et al. 1997 ).
Euglenoid Intron Evolution
The E. gracilis chloroplast genome contains at least 160 group II and group III introns, including twintrons. It has been proposed that the ancestral euglenoid chloroplast genome was intronless, and that introns were gained through intergenomic transmission of ancestral mobile introns (Thompson et al. 1995; Lambowitz and Belfort 1993) . Twintrons, which are most likely the result of intron insertion into other introns, provide evidence for euglenoid intron mobility (Copertino, Christopher, and Hallick 1991; . In at least three locations where group II twintrons are present in Euglena species with derived plastid genomes, single introns corresponding to the external intron of the twintron are present in basally branching species (Thompson et al. 1995) . Intron mobility has been linked to intron-encoded maturases (Lambowitz and Belfort 1993) . The aI1 and aI2 yeast mt introns are mobilized to their target sites through a combination of reverse splicing and DNA-primed reverse transcription. aI2 maturase RT and Zn domains are essential for this process (Zimmerly et al. 1995a (Zimmerly et al. , 1995b . Three possible maturase loci, including mat1, have been defined in the E. gracilis chloroplast genome (Mohr, Perlman, and Lambowitz 1993) . At least two, mat1 and mat2 (Zhang et al. 1995) , retain remnants of the RT domain. Perhaps mat1 and mat2 were instrumental in promoting intron mobility in ancestral euglenoid genomes, possibly through a process similar to aI2 mobility. The mat1 and mat2 host introns could be homologs of the original euglenoid founder introns.
Three distinct possibilities of how euglenoid genomes acquired group II and group III introns can be considered: (1) Group II introns arrived first in an intronless ancestral genome and subsequently gave rise to group III introns by loss of domains. (2) Group III introns arrived first and, through gain of functional domains, gave rise to group II introns. (3) Group II and group III introns evolved independently elsewhere and separately invaded the chloroplast genome. None of these models can be ruled out by the available data.
If evolution occurred as proposed in the second model, basally branching euglenoid species may retain evolutionary intermediates of group II introns that are homologous to group III introns in more derived species. By tracing intermediates through the euglenoid lineage, the process of domain loss resulting in greater reliance on trans-acting factors could be traced. Lepocinclis beutschlii mat1 introns 1 and 2 are potential group III intron evolutionary intermediates. Based on the presence of domain V, they are the smallest known group II introns. mat1i1 and mat1i2 completely lack domains II and IV, respectively. Domain I, typical of euglenoid group II introns, is present in each in an abbreviated form. Interestingly, the 5Ј splice site (5Ј-UUUAG) of mat1i2 is more closely related to group III introns (5Ј-NUNNG) than to group II introns (5Ј-GUGYG). It is possible that the L. beutschlii mat1 introns represent introns in the process of losing intron domains.
However, it is interesting to note that for the majority of euglenoid genes surveyed to date, the most basally branching species lack more of the group II introns than the group III introns characteristic of E. gracilis. Of the 26 introns that are known to be present in E. gracilis but not present in basally branching species, 24 are group II introns (unpublished data; Thompson et al. 1995) . A group III twintron, psbCi4, is the most widely conserved intron identified to date. These data could support two models of intron evolution. Group II introns may have given rise to group III introns early in the evolution of the euglenoids through a process similar to that proposed for nuclear spliceosomal introns. Group III introns may then have evolved a higher rate of mobility than group II introns and spread to more sites than group II introns in basally branching species. Alternatively, group III introns may predate group II introns in the euglenoid lineage. A group-III-type intron which evolved in another organism, possibly an intermediate in nuclear intron evolution, could have invaded the euglenoid genome before group II intron invasion. Or, after invasion, group III introns may have gained domains to form group II introns, possibly through alternative splicing of a group III complex twintron. Intronic rearrangement resulting in the formation of a new intron has been demonstrated for the psbT (formerly ycf8) complex twintron (Hong and Hallick 1994) . In order to distinguish between these various models, we are continuing our study of group II and group III introns in basally branching euglenoid species.
Accession Numbers
Euglena gracilis, X70810; Astasia longa, X14385; Euglena myxocylindracea, Z99835; Euglena viridis, Z99836; Euglena deses, Z99833; Lepocinclis beutschlii, Z99834; Cryptoglena pigra, Z00832.
